Understanding the excretion of 3,4-methylenedioxymethamphetamine (MDMA) and metabolites in sweat is vital for interpretation of sweat tests in drug treatment, criminal justice, and workplace programs.
temperature, exercise, and stress influence the amount of excreted sweat, and also drug concentrations in sweat. Sweat drug detection was proposed in the Substance Abuse Mental Health Services Administration's (SAMHSA) Mandatory Guidelines for Federal Workplace Drug Testing Program in 2004 (24 ) . Proposed SAMHSA requirements for a positive sweat test include a positive amphetamines screen at Ն25 ng/ patch and a positive confirmation of MDMA, MDA, MDEA, methamphetamine, and/or amphetamine at 25 ng/patch. Sweat testing for MDMA can serve as a deterrent to drug use in drug abuse treatment, law enforcement, military, and workplace drug testing programs.
Although sympathomimetic amines have been reported to be present in human perspiration (25 ) , little is known about the time course of MDMA and metabolite disposition in sweat (26 -28 ) . In a controlled oral administration experiment, Samyn et al. (29 ) administered 75 mg of MDMA to 12 healthy recreational MDMA users. Pharmacokinetic data were obtained for traditional body fluids (blood and urine), and alternative matrices such as oral fluid and sweat wipes, collected during the first 5 h after administration. Mean MDMA concentrations for 5 h after ingestion did not exceed 25 ng/wipe. Pichini et al. (28 ) administered a single oral dose of 100 mg MDMA to 9 individuals and detected parent drug in sweat patches after only 1.5 h, with peak concentrations at 24 h. There was large intersubject variability, with peak concentrations ranging from 3.2-1326 ng/patch. In addition, trace amounts of MDA were reported in the sweat of 7 of 9 individuals. Kintz and Samyn (27 ) also documented the presence of MDMA, MDA, and MDEA in sweat patches worn by 4 "techno ravers" for 28 h during a rave party. MDMA was always present in higher concentration (138 -431 ng/patch) than MDA (13-56 ng/patch). MDEA detection suggests impurities in the ingested MDMA or polydrug use.
Controlled drug administration data are needed to accurately interpret sweat test results. In this randomized, within-subject, double-blind, placebocontrolled, multiple-dose MDMA study, we examined sweat from 15 individuals before, during, and after oral MDMA administration. Times of first detection, duration of excretion, and peak MDMA and metabolite concentrations were determined by GC-MS. Data were analyzed with the assay's limit of quantification and the proposed SAMHSA guidelines for sweat testing. This is the first study that evaluated MDMA detection in sweat after controlled administration of multiple doses over periods longer than 24 h.
Materials and Methods

STUDY POPULATION
Fifteen adult MDMA users (11 African American, 3 white, 1 Hispanic; 10 men, 5 women; mean (SD) age 21.1 (2.2) years, range 18 -26 years) were recruited to participate in this MDMA administration study (6, 30 ) . All study participants provided written informed consent to participate, and the study protocol was approved by the National Institute on Drug Abuse Institutional Review Board. Current good health of study participants was confirmed by a thorough medical and psychological evaluation. History of MDMA exposure was verified by a positive amphetamine urine test or MDMA hair test. Throughout the study (up to 23 days), participants resided on the secure clinical research unit under 24-h medical surveillance to ensure safety and to prevent additional drug use.
DRUG ADMINISTRATION
Placebo, low (1.0 mg/kg), and high (1.6 mg/kg) doses of oral MDMA were given double blind in random order while subjects resided on a closed clinical research unit for at least 7 days after each MDMA dose; 4 participants stayed on the unit for 23 consecutive days. For safety purposes, the maximum MDMA dose was limited to 150 mg. MDMA was a 50:50 racemic mixture of d,l-MDMA HCl, synthesized by Lipomed. Identical placebo capsules contained only lactose filler.
SWEAT COLLECTION
Sweat was collected with PharmChek® sweat patches generously provided by PharmChem (Haltom City, TX). The sweat patch consists of a rectangular, absorbent, cellulose pad attached to an adhesive polyurethane backing. The adhesive membrane allows oxygen, carbon dioxide, and water vapor to escape while nonvolatile constituents in sweat accumulate in the absorbent pad. The skin was thoroughly cleaned with 70% isopropyl alcohol to remove external contamination and improve patch adherence. Patches were applied to the participant's back and/or abdomen and worn for intervals ranging from 2.5 h to 1 week. A maximum of 5 patches were worn at one time.
Four types of patches were used: washout patches, patches worn for 12 h or less (short-term patches), daily patches, and weekly patches. Washout patches were applied on admission and removed within 65 h of dosing to detect previously self-administered drugs. Short-term patches were applied before drug administration and worn Յ12 h (0 -2.5, 0 -6, 6 -12, 0 -12, or 12-24 h). These patches were applied to evaluate when drugs could first be detected, and for comparisons with patches worn for longer periods of time (Fig. 1) 
SWEAT PATCH ANALYSIS
Specimens were analyzed for MDMA, MDA, MDEA, 4-hydroxy-3-methoxyamphetamine (HMA) and 4-hydroxy-3-methoxymethamphetamine (HMMA) by solid-phase extraction and GC-MS procedures as described by DeMartinis et al. (19 ) . Although MDEA was not an expected metabolite of MDMA, we tested washout patches for MDEA to monitor potential concentrations found following self-administered MDEA. Additionally, testing for MDEA after controlled MDMA administration would empirically document that MDEA was not produced from, or found in, pharmaceutical-grade MDMA and was not produced as an analytical artifact by the method.
Briefly, sweat patches (fortified calibrators, quality control (QC) samples, or clinical specimens) were folded, placed into screw-top vials with 3 mL of 0.2 mol/L sodium acetate buffer (pH 5.0), deuterated internal standards added, and tubes shaken for 30 min. Then 1 mL of buffered extract was applied to preconditioned SPEC MP1 (10 mL/70 mg) columns, obtained from Varian. The columns were washed sequentially with 500 L of distilled water, 250 L 0.1 mol/L acetic acid, and 400 L of methanol and then dried under full vacuum for 5 min. Analytes of interest were eluted into clean 5-mL disposable glass centrifuge tubes with two 1-mL aliquots of freshly prepared elution solvent (ethyl acetate/methanol:ammonium hydroxide 78:20:2, vol/ vol/vol); 15 L of 1% hydrochloric acid in methanol (vol/vol) was added before vortex mixing and evaporating under nitrogen. Dried extracts were reconstituted with 100 L 0.10 mol/L triethylamine in heptane and 10 L heptafluorobutyric acid anhydride. The tubes were capped, vortex-mixed, and incubated at 60°C for 20 min. After cooling, 200 L 0.05 mol/L Tris buffer (pH 7.4) was added, the tubes were vortex mixed for 2 min, and centrifuged at room temperature. The organic layers were then transferred for GC-MS analysis on an Agilent 6890 gas chromatograph interfaced with an Agilent 5973 mass-selective detector. Intraand interassay imprecision was Ͻ7.2%, and mean percent recovery from sweat patches was between 85% and 112%. Quantification was performed in the selectedion monitoring mode by monitoring 3 ions for each analyte and 2 ions for each internal standard 
CALIBRATORS AND QC
Working calibration solutions of MDMA, MDA, MDEA, HMMA, and HMA at 100, 10, 1, and 0.1 mg/L were prepared and stored at Ϫ20°C. Blank sweat patches were premoistened with artificial sweat (31 ) and fortified with calibrator solutions to create daily calibration curves from 2.5-10000 ng/patch. QC solutions at the same concentrations were prepared in methanol with different ampules of reference standards than were used for preparing calibration standards. QC sweat patches were prepared at 7.5, 75, 300, 750, 3000, and 6000 ng/patch. Deuterated MDMA, MDA, and MDEA were combined and diluted in methanol to produce a working internal standard solution at 1 mg/L. In the absence of commercially available stable isotopes for HMA and HMMA, MDA-d 5 and MDMA-d 5 were employed as internal standards for HMA and HMMA, respectively. Short-term patches were applied before drug administration and worn Յ12 h. Daily patches consisted of 7 consecutive 24 h patches worn during and after dosing, and weekly patches were applied before drug administration and removed 7 days later.
DATA ANALYSIS
For each analytical batch, 2 calibration curves were constructed for each analyte. Drugs were quantified by linear regression with a 1/x weighting factor. Lowconcentration calibration curves were constructed with 2.5-500 ng/patch for MDMA and MDEA, 5-500 ng/patch for MDA, and 5-100 ng/patch for HMA and HMMA. High concentration curves at 500 -10 000 ng/patch for MDA, MDMA, and MDEA and a smaller dynamic range of 100 -2500 ng/patch were prepared for HMA and HMMA. Coefficients of determination (R 2 ) for all curves were Ͼ0.990. Analytes were identified by comparing retention times (Ϯ0.15 min) and qualifier ion ratios (Ϯ20%) to corresponding mean values of calibrators assayed in the same batch. Peak abundance ratios of analytes to corresponding internal standards were calculated for each concentration. Calibrator concentrations calculated against the full calibration curve were required to be within 20% of target.
Results
OVERALL SWEAT-PATCH RESULTS
Of 559 sweat patches collected during and after controlled oral MDMA administration, 370 contained 1 or more MDMA analytes (Table 1) . Parent MDMA was the primary analyte, with no patches positive for HMMA or HMA. At the method limit of quantification (LOQ) of 2.5 ng/patch, 64.4% of patches were positive for MDMA, whereas 38.8% were positive at the proposed SAMHSA cutoff of 25 ng/patch. For MDA, 31.1% were positive at 2.5 ng/patch and 10.4% at 25 ng/ patch. In addition, 10 patches (1.8%) contained MDA ՆLOQ without concurrent MDMA. However, all of these patches were collected from individuals (n ϭ 3) who received placebo as the first dose; and 3 of these were weekly patches.
Based on the proposed SAMHSA cutoff (Ն25 ng/ patch), Ͼ90% of weekly patches were positive after a single low or high oral MDMA dose. Maximum concentrations of up to 3007 (MDMA) and 171 (MDA) ng/patch were observed in weekly patches after a single high dose. Peak MDMA concentrations in shortterm and daily patches for all individuals (n ϭ 15) ranged from 9.9 -894.0 and 51.9 -2777.2 ng/patch for the low and high doses, respectively. MDA concentrations for the low and high doses ranged from 5.1-77.0 and 5.0 -92.2 ng/patch, respectively.
WASHOUT PATCHES
Washout patches (n ϭ 81) were worn before dosing to detect previously self-administered drugs. Patches were worn an average of 15.2 h (10.5-65.0 h). MDEA could have been present in the washout patches from previously self-administered drug, but none was detected in any patch. Results for washout sweat patches at the LOQ and SAMHSA cutoffs are shown in Table 1 . Twenty-seven patches worn before dosing contained MDMA and/or MDA above the method LOQ and 8 above the proposed SAMHSA cutoff of 25 ng/patch.
Six participants received placebo as the first dose, allowing an extended detection window for self-administered drug. Three of these participants were negative for all analytes in washout patches worn for up to 33.8 h before their first dose. Two of these had no de- tectable analyte in any sweat patch for an additional week after their first (placebo) dose. One participant had only small amounts of MDA (5.6 and 10.5 ng/ patch) in both weekly patches collected 168 h after placebo dosing. In 2 study participants with positive washout patches, MDMA and MDA were still present after the week of abstinence (following placebo dosing) at concentrations high enough to satisfy SAMHSA criteria for a positive sweat patch.
ONSET OF DRUG DETECTION
Onset of drug detection was defined by the first positive specimen ՆLOQ in patches worn less than 12 h (0 -2.5, 0 -6, 6 -12, 12-24 h). MDMA was first detected in 40.0% and 53.3% of 0 -2.5 h patches after low and high doses, respectively, and usually within the first 6 h. After the low dose, no MDMA was detected in short-term patches from one study participant, but appeared in the first daily patch, worn from 0 -24 h. MDA was usually first detectable within 6 h of drug administration. Short-term patches from 4 study participants had no detectable MDA after the low dose and in 2 study participants after the higher dose. The highest short-term patch MDMA and MDA concentrations were in 0 -12 or 12-24 h patches. MDMA maximum short-term patch concentrations were 794.6 and 2777.2 ng/patch after low and high doses, respectively, with 52.5% and 66.7% exceeding the SAMHSA cutoff. Positive MDMA detection rates for combined low-and high-dose patches (n ϭ 30) were 46.7%, 73.3%, 80.0%, and 96.7% for patches worn 0 -2.5, 0 -6, 6 -12, and 12-24 h, respectively. Positive rates increased with wear duration, but MDMA concentrations did not correlate significantly with time worn or dose administered. Similar MDA results were obtained. Maximum daily patch concentrations occurred in 0 -24 h patches for MDMA (90%) and MDA (75%); peak concentrations always occurred within 72 h of dosing.
DURATION OF DRUG DETECTION
Three study participants who remained on the clinical unit throughout the study received placebo between low and high doses, allowing evaluation of MDMA detection duration for 2 weeks after dosing. One study participant had no positive sweat patches during the placebo session. Six of 7 consecutive daily patches from the second study participant were positive for MDMA (range 2.6 -4.4 ng/patch), and both weekly patches contained MDMA (2.6 and 7.0 ng/patch) the week after a high dose. Similarly, 3 of 7 daily patches (range 5.4 -9.8 ng/patch) and both weekly patches from the third study participant contained MDMA concentrations (25.8 and 31.9 ng/patch) exceeding the SAMHSA confirmation threshold 14 days after a high dose.
DRUG ACCUMULATION
To evaluate drug accumulation in the first 24 h after dosing (n ϭ 15), concentrations in 2 consecutive 12-h patches (0 -12, 12-24 h) and 3 consecutive short-term patches (0 -6, 6 -12, 12-24 h) were compared to the concentration in the first daily patch (0 -24 h). As expected, patches worn for the longer time (0 -24 h) usually contained the highest analyte concentration. However, after the low dose, only 5 of 15 first daily patches exceeded the total MDMA concentrations in 2 or 3 short-term patches. After the high dose, only 4 (B), Mean (SE) MDA sweat patch concentrations for 15 study participants after low (1.0 mg/kg) and high (1.6 mg/kg) doses in short-term and daily sweat patches.
of 15 first daily patches were higher. The single daily patch contained more MDA than cumulative shortterm patches in 50% of patches after low and high doses. Cumulative MDMA and MDA excretion in weekly sweat patches was compared to total analyte concentrations in 7 consecutive daily patches (Table 2 ). There were 9 and 12 complete sets of 7 daily patches, with at least 1 weekly patch available for comparison after low and high doses, respectively. When available, the mean of 2 duplicate weekly patches was compared to the sum of daily patches. There was large variability in duplicate patch concentrations, with differences ranging from 0.2-1156.0 ng/patch. Weekly MDMA concentrations were less than the sum of 7 daily MDMA concentrations in all but 1 study participant after the low (n ϭ 9) and high (n ϭ 12) doses, respectively. The sum of daily MDA patch concentrations always exceeded weekly patch concentrations in which MDA was detected.
DRUG EXCRETION
Approximately 64% of total MDMA was excreted on the first day, falling to 23% and 6% on successive days ( Fig. 2A) . Similar results were obtained for MDA excretion (Fig. 2B) . For both analytes, large intra-and interindividual variability was noted.
Concentrations of duplicate weekly sweat patches applied and removed together were compared to determine MDMA excretion variability (Table 2 ). In patches worn during dosing (0 -168 h), there were 6 paired patches after the low and 8 after the high dose. MDMA differences between these positive duplicate patches ranged from 3.7-325.8 ng/patch (relative percentage differences of up to 143.9%) after the low and 46.1-1156.0 ng/patch (relative percentage differences up to 157.5%) after the high doses. MDA differences were similar. All weekly patches (n ϭ 35) worn during dosing were positive for MDMA ՆLOQ. After the low dose, 14 of 15 weekly patches (93.3%) exceeded the proposed SAMHSA confirmation cutoff (25 ng/patch), compared to 18 of 20 weekly patches (90.0%) following a single high dose.
Mean daily MDMA excretion profiles were determined in 11 study participants after low and high doses (Fig. 3) . Analyte concentrations were higher in daily patches worn close to the time of dosing. Mean sweat patch concentrations rapidly decreased the second and third days, with residual excretion continuing throughout the week. Similar results were observed with mean excretion rates (ng/h) ( Table 3 ). The majority of the drug was excreted in the first 24 h, and the rate of excretion was highest in short-term patches.
The mean percentage of total analyte concentration excreted in 7 consecutive daily patches (n ϭ 11) is presented in Fig. 3 . Consistent excretion patterns across doses for both MDMA and MDA were demonstrated. It appears that most drug is excreted in the first daily patch, and almost 90% within the first 3 days. 
Discussion
This study is the first to evaluate disposition of MDMA and metabolites in human sweat after controlled oral administration of low and high doses, with samples taken up to 2 weeks after drug administration. We found that single oral MDMA recreational doses frequently produced positive weekly sweat patches at the LOQ of the analytical method, but also at the proposed SAMHSA confirmation cutoffs for federally-mandated drug testing. The onset of MDMA detection in sweat was rapid, generally within 6 h, and duration of drug detection from a single dose extended at least into the week after dosing in some cases. Drug excretion rate was highest on the dosing day, with substantial drug excretion on days 2 and 3, and low residual excretion throughout the week. There was high variability in excreted drug concentration in duplicate weekly patches. These data indicate that a positive MDMA sweat patch could indicate ecstasy use during the week of patch wear or possibly 1 to 2 weeks before patch application. Positive rates increased with wear duration, but MDMA and MDA concentrations did not correlate significantly with time worn or dose administered. This variability in MDMA sweat excretion suggests that sweat patch tests should be interpreted qualitatively rather than quantitatively. We observed high withinsubject variability of MDMA concentrations in duplicate weekly sweat patches, with percentage differences of up to 157.5% and correlation coefficients of 0.41-0.92. Samyn et al (29 ) reported mean sweat concentrations Ͻ25 ng/wipe the first 5 h after 75 mg MDMA. However, mean MDMA concentrations in our shortterm sweat patches (0 -6 h) were higher, and more similar to those reported by Pichini et al (28 ) . After our low (1.0 mg/kg, median 75 mg, range 43.2-105.7 mg) and high (1.6 mg/kg, median 120 mg, range 69.1-150 mg) MDMA doses, mean MDMA concentrations in 0 -6 h patches were 148.9 and 625.2 ng/patch, respectively, compared with 229.3 ng/patch after 100 mg MDMA (28 ) .
MDMA, MDA, and MDEA sweat concentrations were 138 -431, 13-41, and 171-281 ng/patch, respectively, in 4 "techno ravers" who wore sweat patches for 28 h during a dance weekend (27 ) . These concentrations were much lower than those detected in our first daily patch (0 -24 h) after the low (up to 2220 ng/ patch) or high (up to 2502 ng/patch) doses. This result may be due to the notoriously poor purity of recreational MDMA tablets, which often contain little or no MDMA (32) (33) (34) . However, MDA concentrations were similar to those in the current study, 5.2-92.2 ng/patch.
There are few limitations to these data, which included sensitive and specific sweat patch analysis, controlled administration of 2 MDMA recreational doses, short-term, daily and weekly sweat patches to characterize the onset of drug excretion, time course, and daily rates of MDMA and metabolite excretion and drug accumulation. Although the study design provided an opportunity to evaluate duration of drug excretion and documented excretion beyond the 1-week sweat patch wear period, these data do not definitively delineate whether or not sweat patches worn 2 weeks after dosing would be positive. Participants resided on the closed research unit for up to 23 days; a longer residential period would be necessary to fully characterize the duration of MDMA detection in sweat after single oral MDMA doses. These data suggest that sweat testing is a good alternative matrix for monitoring MDMA use and that, for the highest detection rate, both MDMA and MDA should be assayed. The results Time point 0-6 h 0-6 h 0-6 h 0-6 h should assist clinicians and other professionals in monitoring individuals in drug treatment and interpreting sweat test results in workplace drug testing programs. 
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